Abstract Multiprotein complexes play essential roles in all cells and X-ray crystallography can provide unparalleled insight into their structure and function. Many of these complexes are believed to be sufficiently stable for structural biology studies, but the production of proteinprotein complexes using recombinant technologies is still labor-intensive. We have explored several strategies for the identification and cloning of heterodimers and heterotrimers that are compatible with the high-throughput (HTP) structural biology pipeline developed for single proteins. Two approaches are presented and compared which resulted in co-expression of paired genes from a single expression vector. Native operons encoding predicted interacting proteins were selected from a repertoire of genomes, and cloned directly to expression vector. In an alternative approach, Helicobacter pylori proteins predicted to interact strongly were cloned, each associated with translational control elements, then linked into an artificial operon. Proteins were then expressed and purified by standard HTP protocols, resulting to date in the structure determination of two H. pylori complexes.
Introduction
Many proteins in cellular systems are organized in multiprotein complexes and assemblies as they perform various functions. In these complexes proteins are held together by non-covalent protein-protein interactions with a broad range of affinities that are tailored to the specific processes.
There are many well-documented examples of such interactions (ribosomal proteins, ATP synthase subunits, transporters and regulatory proteins [7] ). Some classic examples include enzymes of the trpLEGDCFBA operon of Escherichia coli (the prototypical tryptophan synthase, a stable a 2 b 2 complex constituting TrpA and TrpB1 and anthranilate synthase composed of TrpE and TrpG [41] ). Many other examples of enzymes participating in a given enzymatic pathway have been described [47] . Similarly the association of proteins involved in the stress response and protein folding such as Hsp10 and Hsp60 [37] and Hsp40 and Hsp70 [69] are well documented. The formation of complexes is the core in regulation of gene expression [36] and protein translation [27] . The important issue is to recognize that although many of these complexes are highaffinity and stable, significant fractions are transient, metastable [54, 68] or conditional [37] , and the proteins are associated only during a particular step or function. Some assemblies may have a stable core and additional components may bind and dissociate during the process cycle. The ribosome [67] , the RNA degradosome [28] , and the protein translocation machinery [17] are classic examples of such associations. Moreover, although some complexes can form simply by association of the subunits, many require protein co-expression (and sometimes specific chaperones [18] ) to assemble a functional complex [65] . It has been shown that protein interactions can be highly dynamic and components can be shared during biochemical transformation, especially in small genomes (e.g. Mycoplasma pneumoniae [35] ) and that the transcriptional regulation of this dynamic repertoire is more complex than previously thought [22] . Past and current structural genomics efforts focus mainly on the structural studies of individual proteins or homo-oligomeric complexes utilizing well-established HTP structural biology pipelines. Obtaining structures of hetero-oligomeric protein complexes clearly is a challenge, as \13 % of PDB deposits contain two or more different polypeptides (\7 % when sequences are clustered using a 95 % sequence identity cut-off value). This is in striking contrast with estimates that the majority of proteins in the cell are involved in protein-protein interactions with various affinities and half-lives. Typically, multiprotein complexes for structural studies are obtained through direct purification from crude extract of the natural host cell, which impacts the quality and quantity of the sample and makes low abundance complexes practically inaccessible. In order to apply recombinant technologies developed for individual proteins, there are a number of issues that must be addressed. Identification of stable complexes suitable for structural studies is a challenge. HTP cloning and co-expression that addresses stoichiometry, high expression level, efficient purification and crystallization of stable and soluble protein-protein complexes (PP-CX) is also problematic. While commercial kits are available for the co-expression of proteins, the procedures are not suitable for HTP approaches. One can reconstitute a proteinprotein complex using in vitro methods when the individual protein components express at high levels and are soluble by mixing together the bacterial cells, lysates, or purified proteins and isolating the complex by size exclusion chromatography (SEC) or affinity chromatography [40] . Alternatively one of the components can be purified by affinity chromatography, followed by incubation of the resin containing the bound protein with a lysate(s) of the other protein(s) in order to capture additional components of the complex [39] . When one of the components of a protein-protein complex is not soluble in vivo approaches are used via the co-expression of the components by insertion of multiple genes in the same vector, or cotransformation with compatible plasmids with different selection markers and replication origins, each carrying a single gene. Both approaches have certain advantages and disadvantages. Several bi-or multi-cistronic vectors for coexpression of proteins have been described [66] and are commercially available (Novagen's pET-Duet vectors). Modified versions of these vectors allowing Ligation Independent Cloning (LIC) produced co-expressed proteins amenable for structural characterization have been described previously [65] . These systems however require the serial assembly of the complex mostly via conventional cloning techniques (restriction digest followed by ligation). Another disadvantage is that when more than one vector is used the desired stoichiometry of the complex components may not be obtained due to plasmid copy number variation. For example, the co-expression of 8 genes requires the use of 4 separate plasmids with replicons that may vary more than tenfold in copy numbers [e.g. p15 (10) (11) (12) , CloDF13 , ColE1 , RSF1030 ([100); http://bio numbers.hms.harvard.edu].
The cloning of an entire operon eliminates this problem when an identical upstream region for every gene is introduced in a polycistronic plasmid. The pST44 polycistronic expression system enables the expression of up to 4 translation cassettes with a translational enhancer (e) and the Shine-Dalgarno sequence (SD) preceding each coding region of the given target gene [62] . Each gene is cloned into a separate plasmid by traditional cloning technique via unique restriction endonuclease sites prior the assembly of the polycistronic cassette, making it difficult to use for the co-expression of proteins in a HTP manner. A LIC-based construction of a tandem plasmid carrying two ORFs has been described previously exploiting the compatibility of two LIC overhangs generated by compatible restriction endonucleases [1] . While this is an attractive method to combine two genes, the resulting plasmid is enormous and does not allow further addition of complex members. An automated recombineering, Acembl, employs a battery of donor and acceptor vectors for the cloning of individual members of protein complexes via Sequence and Ligation Independent Cloning (SLIC) [5] . The system enables the rapid assembly of multigene vectors by either a labor intensive in vitro Cre-recombinase-mediated fusion, a multigene assembly by homing endonucleases, or by the rapid annealing followed by SLIC [25] . This method was successfully used for the expression of protein complexes in E. coli [24] . A cut-and-paste technique was described by Romier and coworkers and used in a structural genomics pipeline (Structural Proteomics in Europe; SPINE) [50] . The individual subunits of a putative complex are cloned into compatible vectors and assayed for interaction. Positive interactors are assembled via cutting one partner from the donor vector and pasting into the acceptor construct recreating the acceptor site, therefore enabling the insertion of additional genes. While this strategy is powerful, it is not compatible with HTP operation due to the traditional digestions and ligations used. The above methods use cloning techniques to create larger assemblies.
An obvious alternative is simply synthesizing the entire cassette containing the individual genes with identical upstream regions. Today's technologies enable the synthesis of not only cassettes of several genes, but entire genomes using commercial gene synthesis and assembly in yeast [20] . While this is an attractive alternative to the cloning methods it does not allow combinatorial approaches and is still much more expensive compared to the methods presented here.
In order to address the expression of a large number of protein complexes using a standard LIC protocol, we recently developed techniques amenable to HTP operation for the expression of small PP-CX composed of 2-3 different polypeptides. Such complexes represent a majority of predicted PP-CX in an average microbial cell (Fig. 1) . Target selection strategies are based on bioinformatics analyses and the mining of interactome data generated by HTP experimental methods. Currently using this approach we can co-express hundreds of proteins in a cassette format for up to three genes. Individual proteins can be suitably tagged on the N-or C-terminus for rapid affinity chromatography purification using robotic workstations and a HTP protocol. This approach is inexpensive and enables a significant increase in throughput of protein complex production in a 96-well format. Here we describe two cloning approaches: (a) a direct amplification of bacterial operons and expression in E. coli ('Operon-strategy'), and (b) amplification of genes from the genome with simultaneous introduction of the translation enhancer sequence followed by E. coli ribosome binding site ('Eps-RBS-fusion-strategy' or 'ERF-strategy'). We demonstrate that our target selection scheme combined with the experimental approaches results in the successful and rapid structure determination of PP-CX.
Experimental procedures
Cloning, expression, and purification of PP-CX The selected genes were amplified by PCR from the genomic DNA with KOD Hot Start DNA polymerase. The PCR products were purified, T4 polymerase treated [11] , cloned into the pMCSG7 vector series according to the LIC procedure [16] , and transformed into the E. coli BL21(DE3)-Gold strain (Stratagene, Santa Clara, CA, USA) (which harbors an extra plasmid (pMgk) encoding one rare tRNA (corresponding to rare Arg codons, AGG and AGA)). These vectors are available from the PSI-MR material repository [8] . The 'Eps-RBSfusion-strategy' creates an internal Eps-RBS site by utilizing the forward 5 0 -GTTTAACTTTAAGAAGGAGATATA-CAT-3 0 and reverse 5 0 -TCCTTCTTAAAGTTAAACA CCATTCTA-3 0 primers in the first step of the PCR reaction. The expression vectors were confirmed by DNA sequencing. The PP-CX expression and solubility is assessed in a smallscale (1 mL). A single colony is picked and grown overnight in 1 mL LB media with 150 lg/mL of ampicillin and 30 lg/ mL of kanamycin at 37°C. The following morning, 120 lL of overnight culture is transferred to 48-well culture plates containing 4 mL of ''pink'' media. After reaching OD 600 = 1 (*3 h of incubation at 37°C, 270 rpm) the 48-well plates are cooled down to 18°C and IPTG is added to a final The supernatant is mixed with Ni Sepharose and applied onto a 1 lm 96-well filter plate. Any unbound sample is washed out by 3 spinning/washing cycles of 250 lL at 50 9 g. In the next step, 100 lL of elution buffer (500 mM imidazole in lysis buffer, TEV protease 0.2 mg/mL) is added to each well. The filter plate is spun down the following day and collected samples are analyzed by SDS-PAGE for the presence of the PP-CX. Only the targets with confirmed high-level expression and good solubility are moved into the large-scale fermentation.
To produce the protein, the bacterial culture was grown at 37°C, 190 rpm in 1L of enriched M9 medium [38] until it reached OD 600 = 1.0. After air-cooling at 4°C for 60 min, methionine synthesis inhibitory amino acids
and 90 mg/L of selenomethionine (SeMet) (Medicillin, Inc., catalog number MD045004D) were added. Then the protein expression was induced by 0.5 mM isopropyl-b-D-thiogalactoside (IPTG). The cells were incubated overnight at 18°C, harvested and resuspended in lysis buffer [500 mM NaCl, 5 % (v/v) glycerol, 50 mM HEPES pH 8.0, 20 mM imidazole, and 10 mM b-mercaptoethanol]. Cells were disrupted by lysozyme treatment (1 mg/mL) and sonication, and the insoluble cellular material was removed by centrifugation (75 min, 30,0009g, 4°C). The SeMet labeled protein was purified from other contaminating proteins using Ni-NTA affinity chromatography (IMAC I) and the AKTAxpress system (GE Health Systems) with the addition of 10 mM b-mercaptoethanol in all buffers as described previously [34] . This was followed by the cleavage of the His 6 -tag using recombinant His 7 -tagged TEV protease (20°C for 3 h at 1:30 TEV to protein molar ratio) and an additional step of Ni-NTA affinity chromatography (IMAC II) was performed to remove the protease, uncut protein, and affinity tag. The pure protein was concentrated using Amicon Ultra-15 centrifugal concentrators (Millipore, Bedford, MA, USA) in 20 mM HEPES pH 8.0 buffer, 250 mM NaCl, and 2 mM dithiothreitol (DTT). Protein concentrations were determined from the absorbance at 280 nm using the calculated molar absorption coefficient for the complex and Nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA) [21] . The concentration of protein samples used for crystallization ranged from 10 to 80 mg/mL. Individual aliquots of purified PP-CX were stored in -80°C.
Protein crystallization
The PP-CX were screened for crystallization conditions with the help of the Mosquito liquid dispenser (TTP Labtech, Cambridge, MA, USA) using the sitting-drop vapordiffusion technique in 96-well CrystalQuick plates (Greiner Bio-one, Monroe, NC, USA). For each condition, 0.4 lL of protein (10-80 mg/mL) and 0.4 lL of crystallization formulation were mixed; the mixture was equilibrated against 140 lL of the reservoir in the well. Several commercially available crystallization screens were used including: ANL-1, ANL-2, MCSG-1-4 (Microlytic Inc. Burlington, MA, USA) at 24 and 4°C. Crystals of 3-oxoadipate CoAtransferase (space group C2 1 ) grew from a solution containing 0.2 M ammonium sulfate, 25 % (w/v) PEG 3350, pH 8.5, while crystals of molibdopterin-converting factor belong to space group F222 and grew from 0.2 M sodium citrate, 20 % (w/v) PEG 3000 pH5.5. Prior to data collection, crystals of PP-CX were cryoprotected with glycerol (15-30 %) and flash-cooled directly in liquid nitrogen.
X-ray diffraction and structure determination
Single-wavelength diffraction (SAD) data were collected from the single crystals at 100 K near the selenium K-absorption edge at the wavelength 0.9794 Å up to 2.29 Å (for 3-oxoadipate CoA-transferase) and 1.90 Å (for molibdopterin-converting factor) at the 19-ID beamline of the Structural Biology Center at the Advanced Photon Source at Argonne National Laboratory using the program SBCcollect [29] on ADSC Quantum 315R CCD detector. The reflection intensities were integrated and scaled with the HKL3000 program suite [42] . The structures of molibdopterin-converting factor and 3-oxoadipate CoA-transferase were determined using the SAD method as implemented in the HKL3000 software. Positions of heavy atoms were determined in SHELXD and initial phases were obtained from SHELXE. The heavy atom sites were refined and improved phases were calculated by iterations of MLPHARE and DM. The initial protein model was built in ARP/wARP. Model re-building for each structure was performed manually using the program COOT [13] . The final refinement of structures was performed using the program Phenix.Refine [44] . The stereochemistry of the structure was checked with PROCHECK and the Ramachandran plot. The atomic coordinates and structure factors of molibdopterin-converting factor and 3-oxoadipate CoA-transferase complexes have been deposited to the Protein Data Bank (PDB) with accession codes of 3RPF and 3RRL, respectively.
Results

Operon selection
Target selection strategies for the identification of PP-CX can be based on bioinformatics, experimental, text mining tools, or a combination of them. For the expression of PP-CX in this manuscript, targets were selected via bioinformatics approaches and/or mining of interactome databases. The MicrobesOnline [10] and SEED [3] resources were used for the identification of PP-CX with focus on predicted small stable heterodimers and heterotrimers. The analysis of operon prediction for the 1334 genomes (MicrobesOnline) was carried out by clustering them based on the number of genes. More than 10 % of operons contain just two genes (Fig. 1) . A clear inverse correlation can be observed between the relative abundance of operons and the number of genes per operon (Fig. 1a) . The largest operons are those encoding ATP synthase and ribosomal proteins. We also calculated the relative percentage of genes arranged in operons for all 1334 genomes (Fig. 1b) . On average 60 % of genes are parts of an operon, but the relative percentage varied greatly and showed no correlation with the size of the genome (not shown).
The operon selection was performed using more than 60 available reagent genomes used at the Midwest Center for Structural Genomics (MCSG). The analysis of bicistronic (*50,000) and tricistronic operons (*30,000) identified *1900 bicistronic and *1700 tricistronic operons that were annotated as part of a larger assembly ('subunit') and had no trans-membrane regions as predicted by Phobius [30] . *1100 (bicistronic) and *460 (tricistronic) operons were conserved across many genomes. We used this latter set of operons to select 468 distinct genes residing in 288 distinct genomic regions accounting for 245 regions with bicistronic operons, and 43 regions with tricistronic operons. All selected genomic regions were between 651 and 4369 bp long, excluding larger assemblies such as polymerases, helicases, topoisomerases, and excinucleases. The HTP gene cloning, expression, and solubility analysis of PP-CX encoded by the selected operons is described below.
We also tested the utility of target selection techniques based on genomic inference methods, namely on gene fusion. The simple sequence comparison of completed genomes can identify potential protein-protein interactions from gene fusion events. Homologs of a given gene are detected with BLAST from all sequenced genomes and fusions are detected after the elimination of fusions as a result of gene duplication. The gene fusion events were 
analyzed in the H. pylori 26695 genome. Homolog search from the bacterial reference genome set encompassing more than 8 million sequences for this relatively small genome (1600 ORFs) identified more than 25,000 sequences. After a reciprocal BLAST validation and filtering 13 sets of H. pylori 26695 genes were found to be fused in certain RefSeq genomes (Fig. 2) . Only a single instance was found where three neighboring H. pylori 26,695 genes were found to be fused in other genomes. The fused gene is annotated as adenine specific DNA methyltransferase in H. pylori HPAG1, H. pylori J99, H. pylori Cuz20, and H. pylori Sat464 strains only, while their homologs appear to be single genes in most cases (Supplementary Figure S1 ).
Integration of proteomics data
Protein-protein interaction data are available in interactome databases and are amenable for data mining. We tested the feasibility of using interactome data along with other bioinformatics analysis to select targets for HTP structural characterization. We focused initially on H. pylori for which more than a dozen complexes were verified experimentally using a low-throughput two-dimensional blue native/SDS-PAGE [55] and more than 1200 interactions were identified using the yeast two-hybrid (Y2H) assay [59] . We have selected 16 PP-CX from H. pylori based on the IrefIndex protein-protein interaction database, where the proteins are encoded by adjacent genes in the genome and are predicted to be part of an operon [2] . The expression, solubility, and structural characterization of these proteins are described below.
Cloning strategies
Two cloning approaches were used and compared for the expression of PP-CX: (a) the 'Operon-strategy' and (b) the 'Eps-RBS-fusion-strategy' (Fig. 3) . The 'Operon-strategy' entails the simple amplification of neighboring genes as part of an operon using standard HTP LIC [12, 64] . Briefly, gene-specific LIC-tagged primers are used in the amplification of 2-3 consecutive genes enabling the N-terminal tagging of the first gene or the C-terminal tagging of the last gene (Fig. 3a) . This simple method requires minor modifications in the HTP cloning pipeline, such as PCR conditions and DNA polymerase used, and can be used as As an alternative we used an 'Eps-RBS-fusion-strategy', where an identical upstream region of the first gene is generated upstream of the second gene via a PCR extension method (Fig. 3c) . Briefly, the individual genes are amplified via PCR using gene specific primers fused with regular LIC extensions and another gene-specific primer fused with a fragment coding a translation enhancer and a ribosomal binding site (Eps-RBS). The selection of the appropriate primers is based on the order of the selected genes in genome. In this approach both genes can be tagged either on the N-or C-termini giving rise to four possible arrangements (Fig. 3d) . This method requires 4 LIC primers per clone versus 2 primers per clone for the 'Operonsstrategy'. Both strategies are compatible with HTP operations. A comparison of factors differentiating these two methods from each other and from a method used previously to clone paired proteins is presented in Table 1 .
Gene fusion: case of petrobactin biosynthesis
One of the very strong indicators for PP-CX formation is when homologous members are fused in another organism. We explored the utility of this fact using the petrobactin biosynthesis operon as an example. Bacillus anthracis employs two distinct siderophores for iron acquisition; bacillibactin and petrobactin. The human innate immunity protein, siderocalin, can compete with bacillibactin for iron, effectively stripping off the ferric iron chelated by the 2,3-dihydrobenzoic acid (DHBA) moiety. In contrast petrobactin contains a 3,4-DHBA moiety that escapes the Fig. 2 Gene fusions. Gene fusion events were identified from the H. pylori genome using BLAST and the RefSeq database. The distribution of fused and single gene variants was calculated for the paired genes siderocalin system enabling iron acquisition by this pathogen. The inhibition of the petrobacin synthesis pathway therefore provides an attractive way to neutralize this virulence factor. The six enzymes responsible for petrobactin synthesis are organized into the asb operon (asbABCDEF). Our laboratory has determined the structure of AsbF dehydratase which participates in the synthesis of the 3,4-DHBA precursor (Fig. 4a) [51] and the structure of siderophore synthetase (AsbB) [45] that contribute to the synthesis of the final product, petrobactin. The condensation of the 3,4-DHBA and spermidine is carried out by three enzymes of the operon, AsbCDE. Bioinformatics analysis revealed that not only the order of these genes is highly conserved but also in some organisms, such as in Rhodopseudomonas palustris, the asbD and asbE homologs are fused (Fig. 4b) . Indeed, the B. anthracis N-terminal His 6 -tagged AsbD protein forms a stable complex with the coexpressed AsbE protein, and the His 6 -tagged AsbC interacts with the untagged AsbD (Fig. 4c) indicating a strong interaction between the components of this enzyme complex. It is important to tag the lower abundance partner in order to purify a stoichiometric complex, which was not the case for the AsbDE complex when AsbD was tagged (Fig. 4c ). An alternative is to tag both partners with different purification tags and perform a two-step affinity purification to obtain the complex with desired stoichiometry. Nevertheless, the identification of fused genes in orthologs is an excellent indicator of an interaction.
Expression, solubility, purification and analysis of complexes: 'Operon-strategy'
Operons enable the co-expression of components of cellular machines not only in the host organisms but often also heterologously in E. coli, enabling the biochemical and (Fig. 5a ). However, there are in spite of considerable sequence divergence. Similarly, acetolactate synthase orthologs produced in E. coli show high levels of expression. Several tricistronic operons expressed all three proteins but at moderate levels. The orthologous tricistronic operons also expressed similarly as shown for xanthine dehydrogenase from Clostridium and Bacillus (Fig. 5a) . Highly expressed clones with the expected stoichiometry were further analyzed via a smallscale IMAC I survey using 96-well plate format and analyzed on SDS-PAGE (Fig. 5b) . More than 80 soluble operons were tested and shown to be sufficiently stable to endure chromatography and remained intact during the large-scale purification. These PP-CX were purified in milligram scale using the HTP pipeline using the standard operating procedures (SOP) [34] . In addition, many clones provided PP-CX yields compatible with typical crystallization trials. There were varying successes however with the removal of the N-terminal His 6 tag from the first gene in the operon after IMAC purification resulting in protein loss and the introduction of heterogeneity in the sample (Fig. 6) . The glycyl-tRNA synthetase complex from Klebsiella pneumoniae subsp. pneumoniae MGH 78578 purified at the expected stoichiometry for a 2 b 2 complex at the IMAC I purification step. However, the TEV treatment resulted in heterologous sample with several species that can be separated by SEC. Samples from each peak were further analyzed by native PAGE. While the glycyl-tRNA synthetase complex resulted in 3 clearly identifiable peaks, another complex, acetyl-CoA carboxylase, from the same species showed 2 peaks only (Fig. 6a) . Pure PP-CX were screened for crystallization condition using commercially available formulations (ANL-1, ANL-2, and MCSG1-4) and a number of crystals was obtained (Fig. S3) .
Expression, solubility, purification and analysis of target complexes: 'Eps-RBS-fusion-strategy' As alternative to the 'Operon-strategy' we tested a cloning approach where an identical Eps-RBS region is introduced in front of the second gene to aid the equal translation of components from the polycistronic mRNA. We selected targets from H. pylori for which not only bioinformatics analyses were available, such as operon predictions, but also interactome data derived from Y2H experiments [59] . This set comprised of thirteen proteins forming six protein complexes (FtsA/FtsZ, CheW/CheA, Rpl7/Rpl12/Rpl10, YxjD/YxjE, MoaE/MoaD and UreB/UreA) ( Table 2 ). The urease UreAB was used as a control throughout the cloning, purification, and crystallization process as this complex was previously purified directly from bacteria, crystallized and its structure was determined [23] . None of thirteen proteins generated high yields of soluble protein when expressed individually. The cells expressing the fulllength cell division protein complex (FtsA/FtsZ) had growth defects preventing the expression of the complex. The purine-binding chemotaxis protein complex (CheW/ CheA) and ribosomal protein complex (Rpl7/Rpl12/Rpl10) showed poor solubility and provided no crystals in crystallization trials. The 3-oxoadipate CoA-transferase (YxjD/ YxjE), molybdopterin converting factor (MoaE/MoaD) and urease (UreB/UreA) formed soluble and stable complexes that were easily purified to near homogeneity using standard protocols. All three purified complexes produced diffraction quality crystals and structures of 3-oxoadipate CoA-transferase and molybdopterin converting factor were determined (Fig. 7) . The structure of recombinant urease was not refined since the X-ray structure has been reported previously by others [63] . The structures of 3-oxoadipate CoA-transferase and molybdopterin converting factor were solved using SeMet labeled proteins and the anomalous scattering. These structures were refined to 2.29 and 1.90 Å resolutions, respectively ( Table 3 ). The 3-oxoadipic acid CoA transferase, (also annotated as acetoacetate:succinylCoA CoA transferase [9] ) crystallized as a tetramer made up of two ab subunit pairs, identical to the quaternary structure observed in crystals of the transferase from B. subtilis [65] . The unit cell for the molybdopterin converting enzyme was a simple ab dimer. The urease formed a very large complex of 12 a and 12 b subunits (a 12 b 12 ). This large structure of recombinant complex, very distinct from the much smaller ABC complex of other ureases, is consistent with that determined previously for the purified H. pylori enzyme [63] ).
Discussion
Knowing structures of PP-CX can significantly contribute to our understanding of many cellular processes. However the complexes and assemblies may be composed of a few or up to hundreds of subunits and show broad range of stability. Therefore it is important to identify complexes that are stable in composition and show long half-life to withstand purification and crystallization. The production of protein complexes is still labor-intensive and involves: (1) the expression of the individual components separately and mixing together the purified components, or (2) the coexpression of the interactive partners in a vector capable of accepting multiple genes. At present most of these techniques are either not compatible with HTP operations or are not economical at that scale. Here we present target selection strategies and show the feasibility of producing stable bacterial PP-CX in a HTP manner using wellestablished and tested procedures that can yield X-ray diffraction quality crystals and lead to structures. Several bioinformatics approaches have been reported to identify Fig. 6 Large-scale SEC purification of native operon complexes. The large-scale purification of glycyl-tRNA synthetase and acetyl-CoA carboxylase from K. pneumoniae subsp. pneumoniae MGH 78578 was carried out with the semiautomated method. The IMAC-purified complexes were treated with TEV to remove the tag and subjected to size-exclusion chromatography (SEC) prior crystallization setup.
a The SEC of the glycyl-tRNA synthetase (top) and acetyl-CoA carboxylase (bottom) samples. b The native gels of the IMAC and the SEC peaks of glycyl-tRNA synthetase and acetyl-CoA carboxylase. The main peaks (peak 2 for both) contain both subunits as verified via SDS-PAGE. c Representative crystals of the acetyl-CoA carboxylase complex interacting proteins, based on genomic inference methods (phylogenetic profile, gene cluster, Rosetta Stone, and gene neighbor methods [6, 14, 26, 48, 49, 70] ), classification methods [56, 58] , inclusion of text mining [6] , or inclusion of proteomics data [57] . Co-regulated genes can be predicted via the automatic prediction of operon structures in prokaryotic genomes. Genes of a functional pathway are typically transcribed in a single mRNA and organized into operons [52] . Early operon prediction methods utilized evolutionarily preserved gene adjacency [15] or intergenic distance [43] for example and were trained on the E. coli and B. subtilis genomes, but with the flood of the newly sequenced genome information it was evident that operon structures can be drastically different from these model organisms. An alternative method infers operon structures by creating a training set via the combination of intergenic distance information and comparative transcriptomics studies. The predictor can be used to assign operons using sequence information only and is insensitive to variations in intergenic spacing between species [53] .
The proteomics tools, such as the Y2H screens or affinity purification mass-spectrometry (AP-MS, [19] ) enable the construction single species or multi-species interactome databases including stable and transient interactions [61] . Several public protein-protein interaction databases are available reporting experimental findings or 3D structures of interacting proteins. These resources list protein-protein interaction information with focus mainly on eukaryotes (*90 %), but include information for common bacteria such as E. coli, Campylobacter jejuni, Treponema pallidum, Synechocystis sp. PCC 6803, and H. pylori for example. The IrefIndex [60] is an integrated resource providing a non-redundant dataset from the above publicly available databases utilizing SEGUID-based identifiers which are directly compatible with our proteomics informatics platform [4] . The v.10.0 public release of the IrefIndex was used in this study listing more than 540,000 interactions and more than 1 million interactors.
Target selection strategies employing bioinformatics, interactomics, and text mining are effective in identifying high quality complexes. The operon predictions from the MicrobesOnline resource provided the basis for the selection of many targets. The selection of orthologs from more than 60 microbial species enabled the comparative analysis. One may consider extrapolating protein-protein interaction patterns from one organism to others using well curated databases, such as EcoCyc [31] . Indeed the orthologous complexes have similar physicochemical properties: the complexes expressed at comparable levels and showed similar solubilities. For example we have successfully purified and crystallized glycyl-tRNA syntetase a 2 /b 2 heterodimers from H. ducreyi, K. pneumoniae, P. fluorescens, S. enterica, S. flexneri, and Y. enterocolitica. We found that the expression and solubility of heterodimers was generally higher ([35 %) than expressing single genes, suggesting that the current SOPs are compatible with the production of small recombinant complexes, and also provides a salvage pathway for high-value targets.
We compared two HTP cloning strategies. The expression of operons is very simple and efficient. The expression of an operon in the MCSG type vectors ensures the highlevel expression of the first ORF. However the other members of the operon may express at different levels driven by upstream sequences. Interestingly, E. coli correctly translated overlapping genes from other microbes. The translation of the first gene is governed by a strong Eps-RBS site [46] provided as part of the LIC vector, while the downstream genes on the polycistronic mRNA have their own RBS native upstream sequences with differing efficacies and unequal expression of the components can result. Changes in spacing in operons are a fine-tuning mechanism for the regulation of the expression levels of the individual components. Long spacers for example enable the tight regulation of second gene preventing unnecessary high-level production, while short spacers can lead to tight translational regulation. Nevertheless, we found that a fair number of operons expressed interacting partners near equal levels. Eps-RBS-fusion-strategy circumvents the unequal translation problem and enables the high flexibility in N-and C-terminal affinity tagging of the components. It also permits the co-expression of genes of interacting proteins with large intergenic regions on an operon or those positioned at a long distance on the chromosome and it eliminates concerns with the expression of overlapping genes.
The integration of proteomics data, namely interactome data generated by HTP methods, is valuable in target selection. In fact, the heterodimers selected from H. pylori, for which we were able to determine the structure, were identified based on bioinformatics analysis (operon), and supporting Y2H data. We selected a number of targets from H. pylori that are not part of an operon but have interactome data supporting interaction. We were able to reproduce interaction in the small-scale tests for a number of these, but none of them were stable enough to remain intact during the large-scale purification and crystallization pipeline. It is important to note that although we were able to purify and crystallize a number of heterooligomeric complexes, the crystals often do not diffract to high resolution requiring crystallization optimization. In spite of using purified stable complexes in crystallization trials, in some cases crystals contain only one component [like the b subunit of phenylalanyl-tRNA synthetase from Bacteroides fragilis (PDB entry 3IG2) or the a subunit of glycyl-tRNA synthetase from Campylobacter jejuni (PDB entry 3RF1)].
In addition to the large-scale testing of HTP methods for the cloning, expression, and purification of protein complexes, the structures determined from the H. pylori set provide important biological insights since both of them are potential drug targets. 3-oxoadipate CoA-transferase is believed to play a critical role in the energy metabolism of H. pylori by completing the strain's tricarboxylic acid cycle [9, 32] . H. pylori lacks three enzymes of the canonical TCA cycle, but contains three others, including acetoacetate:succinyl-CoA transferase, which completes the cycle. Thus the transferase is likely essential for successful infection by the H. pylori. The 3-oxoadipate CoAtransferase subunits reside on an operon sandwiched between a 3-ketoacyl-CoA thiolase and a short chain fatty acid transporter, strengthening the postulated role of this enzyme in energy metabolism. Mammalian orthologs were identified in the brain and heart mitochondria. These organs are capable of utilizing ketone bodies as fuel, mainly in the form of acetoacetate. In rat, similar enzymatic activities are found in the gastric grandular mucosa, suggesting its role in the stimulation of acid secretion after refeeding following starvation. H. pylori could exploit this highly acidic environment rich in ketone bodies or small chain fatty acids. Finally, the molybdenum cofactor biosynthetic enzyme may be important for H. pylori's survival as well. A known molybdopterin containing H. pylori enzyme, bisC (Gene ID: 8208053), is thought to be an S-oxide reductase based on homology [33] , and thus may be involved in repairing oxidized amino acids or important cofactors of the strain.
